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Abstract

:

Mine tailings have shown viability as the fine–grained layer in a capillary barrier structure for controlling acid mine drainage in a circular economy. Their saturated hydraulic conductivities (ksat) under wetting–drying cycles and freeze–thaw cycles remain unexplored. In this study, modified tailings with a weight ratio of 95:5 (tailings/hydrodesulfurization (HDS) clay from waste–water treatment) and an initial water content of 12% were used. The ksat of specimens was measured after up to 15 wetting–drying cycles, each lasting 24 h, with a drying temperature of 105 °C. The ksat for wetting–drying cycles decreased from 3.9 × 10−6 m/s to 9.5 × 10−7 m/s in the first three cycles and then stabilized in the subsequent wetting–drying cycles (i.e., 5.7 × 10−7 m/s–6.3 × 10−7 m/s). Increased fine particles due to particle breakage are the primary mechanism for the ksat trend. In addition, the migration of fines and their preferential deposition near the pore throat area may also promote this decreasing trend through the shrinking and potentially clogging–up of pore throats. This could be explained by the movement of the meniscus, increased salinity, and, subsequently, the shrinkage of the electrical diffuse layer during the drying cycle. Similar specimens were tested to measure ksat under up to 15 freeze–thaw cycles with temperatures circling between −20 °C and 20 °C at 12 h intervals. Compared to the untreated specimen (i.e., 3.8 × 10−6 m/s), the ksat after three freeze–thaw cycles decreased by 77.6% (i.e., 8.5 × 10−7 m/s) and then remained almost unchanged (i.e., 5.6 × 10−7 m/s–8.9 × 10−7 m/s) in subsequent freeze–thaw cycles. The increased fine grain content (i.e., 3.1%) can be used to explain the decreased ksat trend. Moreover, the migration of fines toward the pore throat area, driven by the advancing and receding of ice lens fronts and subsequent deposition at the pore throat, may also contribute to this trend.
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1. Introduction


Mine waste rocks containing sulfur (e.g., waste of copper mine), which can significantly damage the environment and human health through acid mine drainage (AMD), are widely distributed and deposited in open–air fields worldwide [1,2,3,4]. AMD, produced by the chemical reaction of sulfide minerals with water and oxygen, is characterized by high concentrations of hydrogen ions and dissolved metals [2,3,5]. Recently, capillary barriers (e.g., a two–layer capillary barrier, as shown in Figure 1) have proven effective as a source control method in preventing water infiltration into waste rocks, thereby avoiding AMD [2,4]. The two–layer capillary barrier consists of a fine–grained layer and a coarse–grained layer. According to previous studies [2,4,6,7,8,9,10], the typical thicknesses of the fine–grained layer and coarse–grained layer are 0.4–1.0 m and 0.2–0.5 m, respectively (Table 1). The mechanism of the capillary barrier is based on the difference in unsaturated hydraulic conductivities (kusat) between fine and coarse particles [2,4,6,7,8,9,10]. As a key state of kusat [7,8,9], the ksat of the upper fine–grained layer is significantly affected by freeze–thaw cycles and wetting–drying cycles during climatic change [11,12,13]. Mine tailings are commonly used for the fine–grained layer of the mining capillary barrier (Figure 1) due to their remote location and cost [2,4]. So far, the ksat under wetting–drying cycles and freeze–thaw cycles of mine tailings remain unexplored.



Many previous studies have focused on the ksat of soils, which are widely used in engineering practices under freeze–thaw and wetting–drying cycles [14,15,16,17,18,19]. For the freeze–thaw cycles, Kim and Daniel (1992) [14] studied the effects of compaction degree and water content on the ksat of clay after 0 and 5 freeze–thaw cycles. The results showed that the ksat on both the dry side and wet side of optimum water content after cycles increased by two to six times and one hundred times, respectively, compared to the untreated specimen, primarily due to increased pore volume. Tang and Yan (2015) [17] measured the ksat of soft soil by the one–dimensional freeze–thaw setup. A similar increasing trend in ksat was also observed following freeze–thaw cycles in this study, with differences attributed to an increased average pore diameter caused by aggregation. Shen et al. (2022) [20] compared the microstructure of saline soil with different compaction degrees. Both coarse particle breakage and fine particle aggregation were observed following freeze–thaw cycles, thereby altering the soil structure types. For the wetting–drying cycles, Albrecht and Benson (2001) [15] compared the ksat of eight clayey soils used as clay liners and covers after wetting–drying cycles. An increase in ksat was observed due to the volumetric shrinkage strain induced by the increased clay content. Thyagaraj and Julina (2019) [18] reported that the ksat of compacted clay increased with the rise in pore fluid concentrations and the number of wetting–drying cycles. Xu et al. (2023) [19] studied compacted loess with 15% bentonite after wetting–drying cycles, finding that the ksat initially increased and then stabilized after five cycles. It should be pointed out that the ksat of modified tailings, subjected to freeze–thaw cycles and wetting–drying cycles, has not been deliberately studied, although it is crucial for water infiltration and the barrier effect of the capillary barrier structure.



This study aims to investigate the effects of freeze–thaw cycles and wetting–drying cycles on the ksat of modified tailings. Two series of infiltration tests were conducted to measure ksat on modified tailings after selected cycles. Mineralogical composition and particle size changes in the modified tailings were measured through X–ray diffraction (XRD) and laser particle size analyzer tests to unveil the fundamental mechanisms at the particulate level. More importantly, as a key indicator, the changes in ksat subjected to freeze–thaw cycles and wetting–drying cycles play a crucial role in the kusat of materials. This study could provide guidance for designing and maintaining mining capillary barriers.




2. Experimental Program


Two series of infiltration tests were carried out with modified tailings after several freeze–thaw cycles and wetting–drying cycles. The first series of tests was designed to study the effect of freeze–thaw cycles on the ksat of modified tailings, including five infiltration tests after different freeze–thaw cycles, respectively. Each infiltration test included a specimen with a dry density of 1.50 g/cm3, corresponding to the 85% degree of compaction. The five specimens prepared for the infiltration tests underwent freeze–thaw cycles of 0, 3, 6, 9, and 15 times, respectively. In the second series of tests, five infiltration tests were conducted on specimens similar to those in the first series, except that wetting–drying cycles were used. More details of the test programs and soil states are summarized in Table 2.



In addition, to interpret the above ksat results, the mineralogical compositions and particle size distributions were analyzed using the X–ray diffraction (XRD) and laser particle size analyzer, respectively. For XRD tests, the mineralogical compositions of the tailings and HDS clay in their natural states and after the 15th cycle were tested and analyzed. For the particle size distributions, similar specimens from the infiltration tests were prepared using oedometer rings. After that, the specimens, subjected to the ordered freeze–thaw cycles and wetting–drying cycles, were tested.




3. Soil Properties and Specimen Preparation


3.1. Soil Properties


Copper mine waste (i.e., tailings and HDS clay) was collected at the Copper Mine of Dexing, Jiangxi province, China (i.e., dotted lines in Figure 2b,c). After being oven–dried and sieved through a 2 mm standard sieve, the modified tailings were prepared by mixing at a weight ratio of 95:5 for tailings to HDS clay. According to the recommended guidelines for the fine–grained layer and coarse–grained layer of capillary cover [4,21,22], this mixing ratio satisfied the criteria for the cooperative properties of the coarse–grained layer (i.e., waste rock), which was proved by Xia et al. (2023) [4]. The particle size distributions of the modified tailings, tailings and HDS clay were measured by the laser particle size analyzer (APA2000, Malvern, UK). The fractions of sand, silt and clay in the modified tailings were 69.2%, 24.2% and 6.6%, respectively (Figure 3). Following ASTM D4318–10 (2010) [23], the liquid and plastic limits of the modified tailings were determined to be 22.4% and 3.8%, respectively. According to the Unified Soil Classification System [24], the modified tailings were classified as silty sand with the group symbol of SM, widely used for the fine–grained soil layer of the capillary cover system [2,4,25]. Furthermore, the maximum dry densities and optimum water content for the modified tailings were 1.73 g/cm3 and 13.9%, respectively. Details of the physical properties of modified tailings, tailings and HDS clay are summarized in Table 3.




3.2. Specimen Preparations


Ten compacted specimens were prepared for the infiltration tests. Following the compaction parameters of Xia et al. (2023) [4], the target dry density and water content were 1.50 g/cm3 and 12%, corresponding to 85% of the maximum dry densities and optimum water content, respectively. The de–aired water was evenly sprayed and mixed with the modified tailings to gradually increase its water content to the target value. After approximately 48 h of moisture equalization, the mixture in a sealed plastic bag was compacted into oedometer rings (i.e., 7.2 cm in diameter and 5.2 cm in height) using the static compaction method. The measured dry density and water content for the prepared specimens were 1.50 g/cm3 and 11.8%, respectively, closely matching the target values.



For the XRD specimens, the powder that passed through a 0.075 mm standard sieve was collected using a McCrone Micronising mill, mixing ethyl alcohol with air–dried materials (i.e., tailings and HDS clay). To reduce the influence of preferred orientation [26], the razor–tamped surface method was used to prepare the specimens. For the particle size distributions, specimens that underwent the wetting–drying and freeze–thaw cycle tests were collected using similar oedometer rings to the infiltration tests. After that, the specimens were oven–dried and passed the 2 mm standard sieve prior to laser particle size analyzer tests.





4. Test Apparatuses and Procedures


4.1. Test Apparatuses


For the freeze–thaw cycle tests, the Thermo Haake ARCTIC AC200 A40 immersion bath circulator with a Neslab RTE740 Digital Plus Replacement (Figure 4) was used to control the temperature and cycle time. The apparatus has a temperature range of −40 °C to 200 °C and includes a 12 L stainless steel immersion bath. The wetting–drying cycles were carried out by the combination of the vacuum saturator (−100–0 kPa) and air–blowing thermostatic oven (20–300 °C) (Figure 4). Considering the saturation degree and extreme conditions in the field (e.g., wildfires), the pore water pressure and drying temperature were limited to −80 kPa and 105 °C in this study, respectively. For the infiltration tests, the variable–head permeameter was used to measure the ksat.



The XRD patterns of tailings and HDS clay were measured with the range from 5 to 60°2θ by the Bruker D8 Advance–X. During the test, the step size and time per step were set at 0.1°2θ and 2 s in this study, respectively. Furthermore, the mineralogical compositions were qualitatively identified by the Jade 9 Program.




4.2. Test Procedures


For the first series of tests, a freeze–thaw cycle is defined as keeping the specimen in the container at 20 °C and −20 °C for 12 h, respectively [27]. The test paths of the freeze–thaw cycle tests are shown in Figure 5a. After specimen preparation, the initial state of the modified tailings is represented by point O. Subsequently, the specimens underwent the ordered freeze–thaw cycles before the infiltration tests (i.e., O→A, O→B, O→C, O→D, O→E), corresponding to 0, 3, 6, 9, and 15 cycles, respectively. After the freeze–thaw cycles, the specimens were saturated by the vacuum saturator for 12 h. The saturated specimens were then carefully placed in the variable–head permeameter. During the ksat tests, the pressure head, water temperature and time were recorded. In addition, the ksat of specimens was tested five times, and the average value was used.



For the second series of tests, a wetting–drying cycle is defined as keeping the specimen in the vacuum saturator and the air–blowing thermostatic oven for 12 h, respectively (Figure 5b). The pore water pressure and drying temperature were maintained at −80 kPa and 105 °C, respectively. The initial state (i.e., O’) and the sequenced wetting–drying cycles (i.e., O’→A’, O’→B’, O’→C’, O’→D’, O’→E’) follow a pattern similar to that of the freeze–thaw cycle tests. After the wetting–drying cycle tests, the variable–head permeameter is also utilized to measure the ksat of the modified tailings.





5. Interpretations of Experimental Results


5.1. Mineralogical Analysis of Tailings and HDS Clay


The XRD patterns of tailings and HDS clay are shown in Figure 6. For the tailings, the non–clay minerals, including quartz, albite, and microcline, were identified, while the clay minerals mainly consisted of muscovite and clinochlore. Compared to the mineralogical compositions of the tailings, calcite and kaolinite were additionally identified in the HDS clay as non–clay and clay minerals, respectively. Among the mineral compositions, muscovite, clinochlore, kaolinite and calcite are minerals with low hardness, whereas quartz, albite and microcline have high hardness. According to previous studies [28,29], minerals with low hardness are susceptible to physical weathering (i.e., disintegration and breakage). In addition, based on the studies of Garcia Giménez et al. (2012) [30], Liu et al. (2016) [31], and Yao et al. (2019) [32], muscovite and calcite are predominantly coarse–grained minerals, with the latter also being prone to chemical weathering due to its chemical composition. It is worth noting that the X–ray diffraction patterns after the freeze–thaw and wetting–drying cycles showed similar peaks to those observed before the cycles (i.e., peaks at natural states), thereby owning the identical mineralogical composition. Consequently, only the X–ray diffraction patterns before the cycles are shown in Figure 2. Similar results in soils and rocks (e.g., loess and slate rock) were also observed in previous studies [33,34,35,36].




5.2. Freeze–Thaw Cycles


The fraction changes in clay, silt and sand in the modified tailings after freeze–thaw cycles are shown in Figure 7. The dotted line is used as reference line for the percentage change in particle groups. With the increasing number of freeze–thaw cycles, the fractions of clay and silt initially increased and then stabilized, while the fraction of sand decreased correspondingly. The fractions of clay and silt rose by 1.7% and 1.1% after three freeze–thaw cycles, corresponding to 25.8% and 4.5% of the initial content, respectively. The fractions of clay and silt both changed to less than ± 0.3% after the third freeze–thaw cycle. As shown in the XRD results, minerals with low hardness and coarse grains (i.e., muscovite and calcite) were likely fractured by the ice lens during the initial three freeze–thaw cycles [29,33]; meanwhile, the ice lenses had little effect on the high–hardness minerals with coarse grains.



The ksat of modified tailings subjected to freeze–thaw cycles is shown in Figure 8. Similar to the changes in sand content, the ksat of modified tailings initially decreased and then stabilized. Compared to the initial ksat (i.e., 3.8 × 10−6 m/s), the value after three freeze–thaw cycles decreased by 77.6% (i.e., 8.5 × 10−7 m/s) and then remained nearly unchanged (i.e., 5.6 × 10−7 m/s–8.9 × 10−7 m/s) in subsequent cycles. This is attributed to the aforementioned increase in the fine grain content (3.1%), which decreases the ksat of porous materials [15,20,37]. In addition, the potential clogging of pore throats by these fines may further decrease ksat [37] (e.g., schematic drawing in Figure 9). During freeze–thaw cycles, the capillary water at the initial state (Sr = 39.6%) is the source for ice phase generation. The growing ice lens can generate surface pressure (100–460 kPa), potentially causing the breakage of coarse grains and the creation of fine grains [20]. Both the redistribution of capillary water during subsequent thawing and the effects of stress (e.g., gravity and electrical forces) contribute to the migration of fine grains toward the pore throat area [20]. Subsequently, deposition and potentially clogging occur near pore throats.




5.3. Wetting–Drying Cycles


The evolution of clay, silt and sand fractions in the modified tailings during 15 wetting–drying cycles is shown in Figure 10. The dotted line is used as reference line for the percentage change in particle groups. During the initial nine cycles, the fractions of clay and silt increased by 1.8% and 2.1%, respectively, and then stabilized (±0.3%). The sand fraction decreased by (3.9%) during the first nine cycles and then subsequently stabilized (±0.3%). The stabilization of particle group changes induced by wetting–drying cycles took longer than that of freeze–thaw cycles, mainly because of their different physical processes [38]. The fragmentation, denudation, dissolution–reprecipitation and aggregation occur during the wetting–drying cycles [11,31,34], while the freeze–thaw cycle process mainly involves fragmentation [33,39]. Consequently, a more prolonged stabilization process is needed for the wetting–drying cycles.



For the infiltration tests after wetting–drying cycles, the ksat of modified tailings is shown in Figure 11. The ksat decreased from 3.9 × 10−6 m/s to 9.5 × 10−7 m/s after three freeze–thaw cycles, corresponding to a 25.0% drop from the initial value. After that, the ksat stabilized within the range of 5.7 × 10−7 m/s to 6.3 × 10−7 m/s. The increase in fine grain content (3.8%) contributed to the decrease in ksat. In addition, the fines, the preferred deposition of which is near the pore throat area, may further exacerbate this decreasing trend through the narrowing and potential clogging of pore throats [11,13,40,41,42] (e.g., schematic drawing in Figure 12). During wetting–drying cycles, the fine portion (i.e., clay and silt) of the modified tailings at the initial state is fully hydrated upon saturation. In the subsequent drying process, the fine portion tends to accumulate at water–air interface (meniscus) and migrates with the receding meniscus. During drying, the meniscus preferentially resides near pore throats due to high matric suction (Laplace equation). Meanwhile, the fine portion accumulates and deposits near the pore throat area, driven by favorable attractive interparticle forces, namely van der Waals interactions and the Coulomb attraction. This could be explained by the shrinkage of the electrical diffuse layer at reduced water content and increased salinity.




5.4. Future Outlook


In this study, the ksat of modified tailings was tested after specified freeze–thaw cycles and wetting–drying cycles. However, the mechanism of the capillary barrier is based on the kusat of different materials, which is controlled by the water retention behavior and ksat. According to previous studies [43,44,45], the water retention behaviors of soils (e.g., sand, silt and clay) are significantly changed by freeze–thaw cycles and wetting–drying cycles. Mu et al. (2020) [43] reported that both the air–entry value and degree of hysteresis of loess decreased with the increase in wetting–drying cycles. Zhao et al. (2021) [45] summarized that the water retention capacity of clay was reduced in the low suction range and remained unchanged after the 10th freeze–thaw cycle. It is clear that the parameters of water retention curves (e.g., air–entry value and degree of hysteresis) constitute the other critical aspect of this work. Consequently, the water retention behavior of modified tailings, subjected to the ordered freeze–thaw and wetting–drying cycles, is essential to future work.





6. Conclusions


Two–series infiltration tests, conducted after 0, 3, 6, 9, and 15 freeze–thaw cycles and wetting–drying cycles, were carried out in this study to investigate the ksat of modified tailings. The following conclusions were drawn:




	(1)

	
For the changes in particle groups during freeze–thaw cycles, the fractions of clay and silt initially increased by 1.7% and 1.1% after three cycles and then changed by less than ± 0.3% in the subsequent cycles. As shown in the XRD results, this is probably because minerals with low hardness and coarse grains (i.e., muscovite and calcite) were broken by ice lenses during the initial several tests.




	(2)

	
Compared to the initial ksat (i.e., 3.8 × 10−6 m/s) of modified tailings, the value after three freeze–thaw cycles decreased by 77.6% and then remained nearly unchanged in subsequent cycles. This is attributed to the increased fine content caused by ice lenses during freeze–thaw cycles. In addition, the potential clogging of pore throats by these fines may further reduce ksat through the redistribution of capillary water upon thawing and the effect of stress (e.g., gravity and electrical forces).




	(3)

	
For the wetting–drying cycles, the fraction changes in clay and silt gradually stabilized (i.e., 1.8% and 2.1%) until the ninth wetting–drying cycle. The stabilization of particle group changes induced by wetting–drying cycles took longer than those from freeze–thaw cycles, mainly because of the more complex physical processes of the former.




	(4)

	
The ksat first decreased after three wetting–drying cycles (i.e., 3.9 × 10−6 m/s to 9.5 × 10−7 m/s) and then almost remained unchanged. The increase in fines and their preferential deposition near the pore throat area are certainly and possibly the governing mechanisms for this decreasing trend, respectively. Furthermore, the trends of ksat in wetting–drying cycles are similarly observed during freeze–thaw cycles, despite the longer stabilization process of particle groups for the former. This is probably because fragmentation is the main influencing factor for ksat, regardless of the type of cycle.




	(5)

	
As another critical aspect of the present study, in further work, the water retention behavior of modified tailings will be investigated under different freeze–thaw cycles and wetting–drying cycles. The parameters of water retention curves (e.g., air–entry value and degree of hysteresis) will be discussed in detail.
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Figure 1. Schematic of the inclined two–layer mining capillary barrier system. 
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Figure 2. Copper mine waste: (a) waste rock; (b) tailings; (c) HDS clay (photo courtesy of Dr. Qiong Wang). 
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Figure 3. Particle size distributions of mining materials. 
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Figure 4. Schematic of the test apparatuses. 






Figure 4. Schematic of the test apparatuses.



[image: Geosciences 14 00093 g004]







[image: Geosciences 14 00093 g005] 





Figure 5. Test paths: (a) Freeze–thaw cycles; (b) wetting–drying cycles. 
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Figure 6. X–ray diffraction patterns of tailings and HDS clay (K: kaolinite; M: muscovite; C: clinochlore; Q: quartz; A: albite; Ca: calcite; and MI: microcline). 
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Figure 7. Percentage change in particle groups of modified tailings under freeze–thaw cycles. 
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Figure 8. The ksat of modified tailings under freeze–thaw cycles. 
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Figure 9. Conceptual illustration of the micro–particles of modified tailings under freeze–thaw cycles. 
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Figure 10. Percentage change in particle groups of modified tailings under wetting–drying cycles. 
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Figure 11. The ksat of modified tailings under wetting–drying cycles. 
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Figure 12. Conceptual illustration of the micro–particles of modified tailings under wetting–drying cycles. 
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Table 1. Typical thickness of capillary barrier system in the literature.
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References

	
Layer Thickness (m)




	
Fine–Grained Layer

	
Coarse–Grained Layer






	
Maqsoud et al. (2011) [6]

	
0.8

	
0.2




	
Harnas et al. (2014) [7]

	
0.5

	
0.5




	
Bossé et al. (2015) [2]

	
0.5–1.0

	
0.3




	
Ng et al. (2016) [8]

	
0.4

	
0.2




	
Zhan et al. (2017) [9]

	
0.6

	
0.3




	
Ng et al. (2022) [10]

	
0.6

	
0.4




	
Xia et al. (2023) [4]

	
0.6

	
0.4











 





Table 2. Test programs and soil states in each test series.
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Series

	
Test ID

	
Material Type

	
Initial State after Specimen Preparation




	
ρd (g/cm3)

	
w0 (%)

	
Sr0 (%)






	
I

(Infiltration tests after freeze–thaw cycles)

	
FT–0

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
FT–3

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
FT–6

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
FT–9

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
FT–15

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
II

(Infiltration tests after wetting–drying cycles)

	
WD–0

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
WD–3

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
WD–6

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
WD–9

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6




	
WD–15

	
Tailings/HDS clay (95:5)

	
1.50

	
11.8

	
39.6








Note: w0, gravimetric water content; ρd, dry density; Sr0, degree of saturation.













 





Table 3. Physical properties of mining materials.
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Parameter

	
Modified Tailings

	
Tailings

	
HDS Clay






	
pH

	
6.7

	
6.7

	
7.9




	
Specific gravity

	
2.71

	
2.73

	
2.37




	
Particle size distribution

	

	

	




	
Sand (0.075–4.75 mm, %)

	
69.2

	
72.5

	
6.6




	
Silt (0.005–0.075 mm, %)

	
24.2

	
22.6

	
53.5




	
Clay (≤0.005 mm, %)

	
6.6

	
4.9

	
39.9




	
Atterberg limits

	

	

	




	
Liquid limit (%)

	
22.4

	
20.5

	
61.6




	
Plastic limit (%)

	
3.8

	
1.8

	
40.4




	
Compaction parameters

	

	

	




	
Standard maximum dry density (g/cm3)

	
1.73

	
1.77

	
1.16




	
Optimum water content (%)

	
13.9

	
12.4

	
47.5




	
Unified soil classification

(ASTM D 2487–11, 2011)

	

	

	




	
SM

	
SM

	
MH
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